A post-tensioning tendon duct filled with grout can effectively prevent corrosion of the reinforcement, maintain bonding behavior between the reinforcement and concrete, and enhance the load bearing capacity of concrete structures. In practice, grouting of the post-tensioning tendon ducts always causes quality problems, which may reduce structural integrity and service life, and even cause accidents. However, monitoring of the grouting compactness is still a challenge due to the invisibility of the grout in the duct during the grouting process. This paper presents a stress wave-based active sensing approach using piezoceramic transducers to monitor the grouting compactness in real time. A segment of a commercial tendon duct was used as research object in this study. One lead zirconate titanate (PZT) piezoceramic transducer with marble protection, called a smart aggregate (SA), was bonded on the tendon and installed in the tendon duct. Two PZT patch sensors were mounted on the top outside surface of the duct, and one PZT patch sensor was bonded on the bottom outside surface of the tendon duct. In the active sensing approach, the SA was used as an actuator to generate a stress wave and the PZT sensors were utilized to detect the wave response. Cement or grout in the duct functions as a wave conduit, which can propagate the stress wave. If the cement or grout is not fully filled in the tendon duct, the top PZT sensors cannot receive much stress wave energy. The experimental procedures simulated four stages during the grout pouring process, which includes empty status, half grouting, 90% grouting, and full grouting of the duct. Experimental results show that the bottom PZT sensor can detect the signal when the grout level increases towards 50%, when a conduit between the SA and PZT sensor is formed. The top PZT sensors cannot receive any signal until the grout process is completely finished. The wavelet packet-based energy analysis was adopted in this research to compute the total signal energy received by PZT sensors. Experimental results show that the energy levels of the PZT sensors can reflect the degree of grouting compactness in the duct. The proposed method has the potential to be implemented to monitor the tendon duct grouting compactness of the reinforced concrete structures with post tensioning.
Introduction
With the widespread use of reinforced concrete structures using post-tensioning tendons, there is a potential problem during construction: the tendon duct may not be fully grouted. This results in This paper proposes a stress wave-based active sensing approach using piezoceramic transducers to monitor the grouting compactness of post-tensioning tendon duct for reinforced concrete structures. The proposed method is capable of monitoring the grouting compactness in real time. In the proposed method, one PZT-based SA, which was bonded on the tendon, was utilized as an actuator. Meanwhile, three waterproofed PZT patches used as sensors were mounted on the top and bottom surfaces (outside) of a tendon duct before casting. Grout in the duct functions as the wave conduit which allows the passage of the stress wave. If the duct is 100% filled with the grout, the stress wave generated by the SA will propagate to reach both the top and bottom surfaces of the tendon duct via the grout. However, without the presence of any grout, the stress wave will fail to reach either the top or the bottom of the duct. With partially filled grout, the stress wave may reach or fail to reach one or both of the top or bottom surface of the duct. In addition, the wavelet packet-based energy analysis was adopted in this research to compute the total signal energy received by PZT sensors. In this research, four different grout stages, including empty, half grouting, 90% grouting, and full grouting, were experimentally studied. In order to simulate these four situations in one specimen, the grout was poured to reach each stage in the increment of five days. The eventual 100% grouting condition can be confirmed when the PZT sensors on the top surface of the duct detect the stress wave and report high levels of energy.
Piezoceramic Transducers

Compressive Mode PZT Transducers
Piezoelectric material generates electric charge when subjected to a stress or strain (the direct piezoelectric effect) and also produces a stress or strain when an electric field is applied in the poled direction (the converse piezoelectric effect). Lead zirconate titanate (PZT) is one of the most commonly used piezoelectric materials and can be cut into small sizes as sensors. An often used shape is the patch, as shown in Figure 1 . The structure of the PZT patch is shown in Figure 2 . When PZT patch is in compression mode, it can expand and shrink along the poling direction corresponding to the applied voltage, as shown in Figure 3 . In recent years, PZT sensors have been employed in many applications of structural health monitoring. Wang et al. monitored the bolt loosening in the two-plated structure using PZT patches and presented the degree of bolt lessening by the calculated signal energy [12] . Du et al. mounted distributed PZT patches on a pipeline segment to detect the crack severity using the developed crack damage index [30] .
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Piezoelectric material generates electric charge when subjected to a stress or strain (the direct piezoelectric effect) and also produces a stress or strain when an electric field is applied in the poled direction (the converse piezoelectric effect). Lead zirconate titanate (PZT) is one of the most commonly used piezoelectric materials and can be cut into small sizes as sensors. An often used shape is the patch, as shown in Figure 1 . The structure of the PZT patch is shown in Figure 2 . When PZT patch is in compression mode, it can expand and shrink along the poling direction corresponding to the applied voltage, as shown in Figure 3 . In recent years, PZT sensors have been employed in many applications of structural health monitoring. Wang et al. monitored the bolt loosening in the twoplated structure using PZT patches and presented the degree of bolt lessening by the calculated signal energy [12] . Du et al. mounted distributed PZT patches on a pipeline segment to detect the crack severity using the developed crack damage index [30] . 
Smart Aggregates
For the sake of protecting a fragile PZT patch which could work in concrete, a smart aggregate (SA) was designed by sandwiching a waterproofed PZT patch with two marble protections. A Bayonet Neill-Concelman (BNC) connector is made at the end of the wires to connect the SA with the sensing instrument. The structure of a SA including the schematic and the photo is shown in Figure  4 . Benefiting from the extraordinary physical properties of marble material, SAs can be safely embedded in a concrete structure, and perform long-term structural health monitoring. Several applications of SAs in structural health monitoring have been reported in recent years [23, 31] . 
Detection Principles
Active Sensing Approach
In this research, an active sensing approach using PZT transducers is developed to monitor the grouting compactness in post-tensioning tendon duct. The schematic principle is shown in Figure 5 . The SA in the post-tensioning tendon duct functions as an actuator to generate stress waves. If the duct is 100% filled with the grout, the stress wave will propagate to reach both the top and bottom surfaces of the tendon duct via the grout. However, without the presence of any grout or cement, the stress wave will fail to reach either the top or the bottom surfaces of the duct. With partial grout, the stress wave may reach or fail to reach one or both of the top or bottom surface of the duct. To enable 
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In this research, an active sensing approach using PZT transducers is developed to monitor the grouting compactness in post-tensioning tendon duct. The schematic principle is shown in Figure 5 . The SA in the post-tensioning tendon duct functions as an actuator to generate stress waves. If the duct is 100% filled with the grout, the stress wave will propagate to reach both the top and bottom surfaces of the tendon duct via the grout. However, without the presence of any grout or cement, the stress wave will fail to reach either the top or the bottom surfaces of the duct. With partial grout, the stress wave may reach or fail to reach one or both of the top or bottom surface of the duct. To enable the monitoring of the grouting compactness, two PZT sensors mounted on the outside surface of the tendon duct are used as sensors to detect the wave response. As seen in Figure 5 , four different grout stages were simulated: empty, half grouting, 90% grouting, and full grouting. In order to simulate these four situations in one specimen, the grout was poured to reach each stage in an increment of five days. When the tendon duct is empty, there is no medium to allow the waves to travel from the SA to reach one of the PZT sensors. As the grout level increases towards approximately 50%, there is enough grout to allow the passage of the waves to reach from the SA to the bottom PZT sensor. At this point, however, the top PZT sensor still does not receive much signal, except for negligible amounts that may propagate through the newly poured grout to the walls of the tendon duct. The top PZT sensor will continue to receive small increases in the signal strength until the grout fully fills the tendon duct, whereupon the top PZT sensor can receive the signals generated by the SA through the poured grout. Therefore, in effect, two milestones can be inferred from the PZT sensors. In the first milestone, only the bottom PZT sensor receives the SA signal, indicating that the duct is filled by 50% grout. To reach the second milestone, both the top and bottom PZT sensors receive the signal with high strength, finally indicating that the tendon duct has been 100% filled with grout. the monitoring of the grouting compactness, two PZT sensors mounted on the outside surface of the tendon duct are used as sensors to detect the wave response. As seen in Figure 5 , four different grout stages were simulated: empty, half grouting, 90% grouting, and full grouting. In order to simulate these four situations in one specimen, the grout was poured to reach each stage in an increment of five days. When the tendon duct is empty, there is no medium to allow the waves to travel from the SA to reach one of the PZT sensors. As the grout level increases towards approximately 50%, there is enough grout to allow the passage of the waves to reach from the SA to the bottom PZT sensor. At this point, however, the top PZT sensor still does not receive much signal, except for negligible amounts that may propagate through the newly poured grout to the walls of the tendon duct. The top PZT sensor will continue to receive small increases in the signal strength until the grout fully fills the tendon duct, whereupon the top PZT sensor can receive the signals generated by the SA through the poured grout. Therefore, in effect, two milestones can be inferred from the PZT sensors. In the first milestone, only the bottom PZT sensor receives the SA signal, indicating that the duct is filled by 50% grout. To reach the second milestone, both the top and bottom PZT sensors receive the signal with high strength, finally indicating that the tendon duct has been 100% filled with grout. 
Wavelet Packet-Based Energy Analysis
To evaluate the energy of the stress wave received by PZT sensors, the wavelet packet-based analysis is applied to provide the computed energy values of the signal received by PZT sensors. In the wavelet packet-based analysis, the sensor signal X can be decomposed by n-level wavelet packet decomposition into 2 n frequency bands. Xj can be expressed in Equation (1) .
where j is the frequency band (j = 1 … 2 n ), and m is the amount of sampling data. The energy Ej of the decomposed signal is defined in Equation (2) . 
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where j is the frequency band (j = 1 . . . 2 n ), and m is the amount of sampling data.
The energy E j of the decomposed signal is defined in Equation (2) .
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The total energy E of the signal can be computed as the summation of all the decomposed signal energy, which is given as,
The energy level given by Equation (3) offers a quantitative measure of the energy of the stress wave that propagates from the SA actuator to the PZT sensors. Figure 6 gives the CAD model, dimensions, and the sensor location for the test specimen. One SA was bonded to the tendon using epoxy and installed in the pre-determined location in the tendon duct, as shown in Figure 6a . Three waterproofed PZT sensors, including one sensor (PZT 1) mounted on the bottom outside surface and the other two sensors (PZT 2, PZT 3) mounted on the top outside surface, were used as sensors to detect stress wave, as shown in Figure 7a . The length, width, and height of the concrete specimen are all 254 mm. The diameter and thickness of the tendon duct are 70 mm and 5 mm, respectively. Detailed locations of the SA and PZT sensors are shown in Figure 6b . The test specimen used two types of binding materials i.e., concrete mix and cement, as shown in Figure 7a . The concrete mix is a 27.6 MPa blend of portland cement, sand, and gravel. The cement used for grouting in this research is a multipurpose construction material with underlayment, casting, anchoring, industrial grouting, and concrete repair. A PVC pipe was utilized as the grouting tube. Two plastic plates were attached on both sides of the tendon duct to prevent the leakage of grout from the duct during the grouting process, as shown in Figure 7 . The total energy E of the signal can be computed as the summation of all the decomposed signal energy, which is given as,
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Experimental Setup
The experimental setup, including the test specimen, a data acquisition system (NI-USB 6331), and a supporting laptop, is shown in Figure 8 . The data acquisition board was used to generate the signal to the SA and collected the signal response from the PZT sensors. 
Experimental Procedures
The grouting process began 2 days after the concrete was cast. The pre-mixed cement was carefully poured through the grouting tube. The percentage of the grouting process was controlled by measuring the height of the cement level in the duct from the transparent plastic plate. The grout pouring was performed in four progressive stages: no grout (empty duct), half grouting, 90% grouting, and full grouting, as shown in Figure 9 . In each stage, the grout was allowed to cure for 5 days and the proposed method was applied to monitor the status of the grout progress, before moving to the next stage. During the monitoring process, a repeated swept sine wave was applied to the PZT-based SA to generate a stress wave. Meanwhile, the signal response of each mounted PZT sensor was recorded. The frequency range of the swept sine wave is from 100 Hz to 150 kHz. The amplitude and the period of the swept sine wave is 10 V and 1 s, respectively. The sampling frequency of each channel is 2 MHz. 
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Time Domain Analysis
The signals received by the distributed PZT sensors corresponding to one period of the excitation signal in all the investigated stages are shown in Figures 10-12 . Each figure shows the sensor signals from one of the four different grouting stages, including empty tube, half grouting, 90% grouting, and full grouting. Sensor PZT 1 mounted on the bottom surface of the tendon duct cannot detect any signal from the SA if the tendon duct is empty. The reason is that there is no medium/grout between the actuator SA and sensor PZT 1 and therefore the stress wave propagation is prevented. When the grout level increases to approximately 50%, the grout, as a conduit between the SA and PZT, allows the stress wave to propagate. Therefore, the PZT 1 sensor starts to receive a meaningful signal and the received signal remains in the two following stages. For PZT 2 and PZT 3 mounted on the top surface of the tendon duct, not much signal can be detected before the full grout stage, except for negligible amounts that may propagate through the newly poured grout to the walls of the tendon duct. When the grout completely fills in the tendon duct, the stress wave can propagate to the top side of the tendon duct. In this case, PZT 2 and PZT 3 start to receive significant signal from the SA. 
Test Results and Discussions
Time Domain Analysis
Test Results and Discussions
Time Domain Analysis
Wavelet Packet-Based Energy Analysis
In order to directly detect the grout situation, the energy of the received signal was computed using the wavelet packet-based energy analysis and the results are shown in Figure 13 -15. Figure 13 shows the energy levels of PZT 1 in all four different stages of grout pouring. Please note that the SA, as an actuator to generate the stress wave, is placed in the middle of the duct and PZT 1, as a sensor to detect any possible stress wave, is bonded on the bottom surface of the duct. When the tendon duct was empty, there was no medium/grout between the SA and PZT 1, and it is clear that the PZT 1's energy level was zero, as shown in Figure 13 . When the grout level approached approximately 50%, PZT 1 began to receive the stress wave signal and the computed energy rapidly increased from the empty stage and half grouting stage, as revealed in Figure 13 . As the grouting reached 90%, Figure 13 shows that the energy level of PZT 1 further increases. We also note that the energy levels for 90% and 100% are almost the same in Figure 13 , which can be easily explained by the fact that paths for the stress wave to propagate from the SA to PZT 1 are almost identical for both 90% and 100% grouting stages.
For both PZT 2 and PZT 3, which are located on the top surface of the tendon duct, there is no medium/grout between the SA and PZT 2 or PZT 3 during the empty duct, 50% grouting, and 90% grouting stages, therefore the energy levels of both PZT 2 and PZT 3 are very low for these three stages, as shown in Figures 14 and 15 . As the grouting level reaches 100%, a complete stress wave propagation path is formed between the SA and PZT 2 or PZT 3, and hence there is a significant increase of the energy level of signals from both PZT 2 and PZT 3, as shown in Figures 14 and 15 . 
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For both PZT 2 and PZT 3, which are located on the top surface of the tendon duct, there is no medium/grout between the SA and PZT 2 or PZT 3 during the empty duct, 50% grouting, and 90% grouting stages, therefore the energy levels of both PZT 2 and PZT 3 are very low for these three stages, as shown in Figures 14 and 15 . As the grouting level reaches 100%, a complete stress wave propagation path is formed between the SA and PZT 2 or PZT 3, and hence there is a significant increase of the energy level of signals from both PZT 2 and PZT 3, as shown in Figures 14 and 15 . It is clear from Figures 13-15 that the case of a strong signal from the sensor on the bottom surface and a weak signal from the top surface indicates the first milestone, i.e., 50% grouting, is achieved. The strong signals with high energy levels from the sensors bonded on both top and bottom surfaces of the tendon duct indicate that the second milestone, i.e., the 100% grouting, is achieved. In summary, by observing the sensor responses and associated energy levels, we can monitor the grouting compactness in the tendon duct in real time. In addition, the sensor responses can clearly reveal the two important milestones of 50% and 100% grouting condition.
Discussion
In this study, the grouting compactness in the post-tensioning tendon duct was successfully monitored in real time by using the proposed PZT based active sensing approach. Two important milestones including 50% and 100% grouting conditions can be clearly confirmed by the appearance of the strong signal received by PZT sensors. It should be noted that the amplitude of the received signal may further change with the cement hardening process since the mechanical properties of the wave propagation medium change with time. Studying the change of the sensor signal amplitude may be another interesting topic when monitoring the cement hydration progress in tendon duct, and may be considered a future work. Since the proposed method is limited to monitoring the local grouting compactness of the duct, several sets of actuators and sensors must be deployed to evaluate the general grouting compactness of large-scale structures in the practical applications. In addition, It is clear from Figures 13-15 that the case of a strong signal from the sensor on the bottom surface and a weak signal from the top surface indicates the first milestone, i.e., 50% grouting, is achieved. The strong signals with high energy levels from the sensors bonded on both top and bottom surfaces of the tendon duct indicate that the second milestone, i.e., the 100% grouting, is achieved. In summary, by observing the sensor responses and associated energy levels, we can monitor the grouting compactness in the tendon duct in real time. In addition, the sensor responses can clearly reveal the two important milestones of 50% and 100% grouting condition.
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It is clear from Figures 13-15 that the case of a strong signal from the sensor on the bottom surface and a weak signal from the top surface indicates the first milestone, i.e., 50% grouting, is achieved. The strong signals with high energy levels from the sensors bonded on both top and bottom surfaces of the tendon duct indicate that the second milestone, i.e., the 100% grouting, is achieved. In summary, by observing the sensor responses and associated energy levels, we can monitor the grouting compactness in the tendon duct in real time. In addition, the sensor responses can clearly reveal the two important milestones of 50% and 100% grouting condition.
In this study, the grouting compactness in the post-tensioning tendon duct was successfully monitored in real time by using the proposed PZT based active sensing approach. Two important milestones including 50% and 100% grouting conditions can be clearly confirmed by the appearance of the strong signal received by PZT sensors. It should be noted that the amplitude of the received signal may further change with the cement hardening process since the mechanical properties of the wave propagation medium change with time. Studying the change of the sensor signal amplitude may be another interesting topic when monitoring the cement hydration progress in tendon duct, and may be considered a future work. Since the proposed method is limited to monitoring the local grouting compactness of the duct, several sets of actuators and sensors must be deployed to evaluate the general grouting compactness of large-scale structures in the practical applications. In addition, isolation and protection of the surface mounted PZT patches especially in harsh environments must be considered.
Conclusions
A practical problem associated with reinforced concrete structures with post-tensioning is the partially filled or empty tendon duct, which may reduce structural integrity and service life, and even cause accidents. This paper proposes a real-time method to monitor the grouting compactness of a post-tensioning tendon duct for reinforced concrete structures. The proposed method employs a stress wave-based active sensing approach with piezoceramic transducers. In the proposed method, one PZT based smart aggregate (SA), which was bonded on the tendon, was utilized as an actuator to generate the stress wave. Meanwhile, waterproofed PZT patches mounted on the top and bottom surfaces (outside) of the tendon duct were used as sensors to detect the stress wave. Grout in the tendon duct functions as the wave propagation medium which allows the propagation of the stress wave. If the duct is 100% filled with the grout, the stress wave generated by the SA will propagate to reach both the top and bottom surfaces of the tendon duct via the grout. However, without any grout, the stress wave will fail to reach either the top or the bottom of the duct. In addition, wavelet packet-based energy analysis was adopted in this research to compute the total signal energy received by PZT sensors. In this research, four different grout stages, including empty duct, half grouting, 90% grouting, and full grouting, were experimentally studied. Experimental results clearly demonstrate that the case of strong signals with high energy levels from the sensors bonded on both top and bottom surfaces of the tendon duct indicate the achievement of the milestone of the 100% grouting condition. In summary, by observing the sensor responses and associated energy levels, we can monitor the grouting compactness in the tendon duct in real time.
